




Small emittances are one of the main target performances of a
Synchrotron Radiation Source.  As a consequence the beam stability
must be considered from the design phase as a critical point: effort has
to be put in various domains to avoid any undesired beam motion.
Ways of quantifying the beam stability, sources of instabilities and
correction procedures will be described.
1. DEFINITIONS
1.1 Emittance growth
A natural way to measure the beam stability is to refer to the equilibrium beam sizes.
This applies of course both in position and angle.  In phase space, this immediately suggests
the definition of a macroscopic “emittance growth”.
When the centre-of-mass position varies with time, an integral measurement of the
disturbance due to the motion is the emittance value   containing all the instantaneous
displaced emittances.  The ratio        0
  	
0  where 
 0 is the unperturbed emittance is a
measurement of the degradation of performance.
Usual values for beam stability tolerances are for instance of 10% of the beam size.  The
equivalent figure of 20% of emittance growth corresponds to either 10% of the size, or 10% of
the divergence, or any intermediate combination of both.
The reference emittance and the macroscopic emittance should be photon emittances.
However these values are usually computed for the electron emittances, which gives
pessimistic results (and very close values for machines far from the diffraction limit).
This definition in terms of emittance growth is independent of the local values of the 
function.  It ensures all along the machine a fair balance between position and angle.  This
stability figure will also conserve along a beam line for any drift space or focusing.
The displacement of the centre-of-mass will be measured by its invariant  cm.  The
relationship between  cm and     will be discussed in two cases, depending on the frequency
of the motion compared to the observation time.
1.1.1  Fast motion
If the motion is fast compared to the observation time, the macroscopic emittance is
taken as the statistical combination of the distributions of the beam density and of the centre-
of-mass position.  The “centre-of-mass emittance”  cm can be expressed in standard Twiss
parameters:
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The macroscopic emittance is then the combination of the two distributions:
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For “natural” motion (induced by random displacements of magnetic elements) this
centre-of-mass emittance will be matched with the electron emittance.  In such a case, the
macroscopic emittance becomes 
* 0 * 0 % * cm  and the emittance growth is:
& * * 0 * cm * 0
For residual motion after closed orbit correction, the emittance 1  depends on the location
of sensors, on sensor errors, and on the orbit correction algorithm.  The expression of the
emittance growth is less simple but the combination of the two emittances is possible.
This definition of emittance growth corresponds to a quadratic combination of beam
sizes and centre-of-mass distribution.  In the simple case of matched emittances the usual
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This is a favourable case where the beam motion is integrated.  In most cases the
observation time is longer than 1s, so we shall use this definition for beam motion at
frequencies above 1 Hz.  Figure 1 illustrates this definition, the standard deviation of the
displacement is taken as (0.4 x beam size) and the apparent enlargement of the beam size is
8%.
Fig. 1  Emittance growth for “fast motion”
1.1.2  Slow motion
For slow motion, the macroscopic emittance will rather be defined in terms of envelope:
we look for the macroscopic emittance which encloses all displaced unperturbed emittances.
If the beam centre-of-mass is displaced by •x, •x’ from a reference position, its invariant can
be defined at any point along the machine by:
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Alternatively, at a given location, one can define a statistical “emittance” for the centre-
of-mass position.  For matched beams, and with the assumption that ? cm << ? 0, the









For non-matched emittances, a pessimistic assumption consists in considering the
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With this definition, the tolerance of 20% of emittance growth gives:
E
x F 0.1 G x  and H Ix F 0.1 IG x
In this definition the tolerance is much more severe in terms of centre-of-mass
displacements.  This definition will be used for motion at frequencies below 1 Hz.  Figure 2
illustrates this definition, with the same standard deviation for the beam centre-of-mass
displacement as in the previous section (0.4 x beam size).  The beam size is now increased by
40%:
1.2 Amplification factors
When characterising various lattices, a common practice is to refer to amplification
factors.  These are ratios between the excitation (quadrupole motion…) and the consequence
(beam motion).  •q being the quadrupole displacement applied on all elements and •x the beam





Fig. 2  Emittance growth for “slow motion”
This is easily expressed for each plane in terms of optical functions at the quadrupole
locations:
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— the size of the machine (proportional to the square root of the number of elements)
— the focusing of the machine (proportional to Kl and to S )
— the tune
immediately appears.  However the result depends on the choice of the observation point, and
the performance in terms of beam size and emittance growth does not appear.  This criteria is
therefore useful for comparisons between different designs for similar machines.
1.3 Reference point
Beam centre-of-mass displacements have to be measured with respect to a well known
reference.  An absolute reference is useless since a rigid motion of the whole site, including
the Storage Ring, beam lines and experiments would have no consequence at all.  This implies
that any motion with a wavelength larger that the site diameter will have a negligible impact
on the beam stability.  This will be mentioned when dealing with ground settlement or very
low frequency vibrations.  But even over limited distances (• 1 km), it is unrealistic to have a
stable referential in the desired range (1 µm) and for long periods of time.
A possibility to make things easier is to define one reference per beam line: the position
reference is attached to the source point, the angle reference can be defined as the horizontal
plane at the source point, for vertical motion, and as an arbitrary direction, for horizontal
motion.  Stability measurements then rely only on differential position measurements over
distances of about the length of a beam line.  Experience shows that even this is at the limit of
feasibility.
Another possibility is to make use of a large number of beam position sensors.  The
reference is taken as the beam position at the initial time T0.  Later on the deviations of the
beam position reading from the initial position will be filtered (through harmonic analysis or
similar…) to separate the real beam motion from the sensor motion.  This reference system
(the “average beam position”) is the most stable, however it has no physical representation
and cannot be easily related to the position of individual users.
2. SOURCES OF INSTABILITY
The major part of the beam instability is induced by the displacement of quadrupoles.
Other effects could come from:
— displacement of other magnetic elements (dipoles or sextupoles): much weaker
effect.
— magnetic field variations in the magnetic elements (fluctuations of power supplies
or geometry modification).
— external magnetic fields.
As soon as some position feedback is operated (slow or fast), the stability of sensors will
also become important.  In any case it will affect any possibility of monitoring the beam
position stability.
2.1 Long term
2.1.1  Ground settlement
Ground settlement is responsible for deformations with long wavelengths, and therefore not
extremely detrimental to the beam position stability.  On the other hand, large amplitudes may
be reached (± 500 µm / year for instance).  The ESRF example is shown on Fig. 3.
Fig. 3  Ground settlement
2.1.2  Seasonal variations
In addition to the non-reversible ground settlement, one can also observe alternating
ground motion with one period per year.  The maximum variation happens in Spring and




This effect is now well known, but as for ground settlement it concerns mainly very long
wavelengths.  It appears on vertical position, and also on the machine perimeter (measured
with a extremely good accuracy by the RF frequency).  For both effects, the consequences on
beam stability are usually negligible.
2.2.2  Surrounding activities
Any activity around the Storage Ring modifying the load applied on the ground may
produce a local deformation: construction activities in the Experimental Hall and crane usage
are good examples.  The ground reaction to such a change is fast (• 30 s) and the motion is not
fully reversible.  Amplitudes are about 5 µm.
2.2.3  Girder deformation
This turns out to be the major component involved in medium-term stability.  The
ground motion is transmitted to the magnetic elements and to the sensors through the
supporting elements.  In addition, thermal effects will modify the geometry of these supports.
Depending on the material, design, height,… of these supporting elements, the results
may be very different (in terms of amplitudes and time constants).  One can distinguish
between:
— Beam intensity related effects: The heat load induced by the Synchrotron
Radiation modifies the thermal equilibrium.  These effects may be easily
measured and possibly compensated.
— Other effects: These effects are usually slower, but may reach large amplitudes.
Unless the mechanism is understood (optimistic view…), these are difficult to
compensate.
2.2.4  Sensor motion
Strictly speaking, the motion of a position sensor does not induce any beam instability.
However  because of other effects, a beam position correction is permanently necessary, and
consequently the sensor stability becomes crucial.  The motion of sensors has two origins:
— Mechanical motion: this is mainly reflecting thermal effects, and it is linked with
the beam intensity, and possibly the filling pattern of the Storage Ring.
— Electrical motion: this includes any kind of drift of the beam position detection,
either correlated with the beam intensity through saturation effects, or not
(sensitivity to the filling pattern, drift of electrical components, ageing,
maintenance…).
When looking at the limit of stability which can be obtained with a permanent orbit
correction, the resolution of the beam position measurements will also play a role.  However
the resolution can usually be made much better then the stability itself.
2.2.5  Insertion devices
The field integral of an insertion device may be compensated by different methods.  But
a variation of this field integral as a function of the gap will induce a beam displacement on
each gap variation.  For synchrotron radiation sources with many simultaneous and
independent users, this becomes a severe problem.  Sometimes, the variations of the second
field integral (position instead of angular displacement) will also be noticeable.  This can be
compensated by:
— Field adjustment by shimming.
— For “exotic” devices, and if the magnetic environment modifies the performance
resulting from the shimming, local compensation with electro-magnet correctors,
experimentally calibrated.
2.3 Short term
2.3.1  Ground vibrations
In the lower part of the frequency range (0.01 Hz < f < 1 Hz), the vibration is mainly
caused by ocean waves and micro-seismic motion.  The corresponding wavelength is then
above 1 km.  The coherence of this motion is very good over the surface of the site of the
machine, so that these effects can be neglected: as an example, the ground vibration in the
bandwidth 0.05 to 1 Hz, measured at two points distant by 500 m on the ESRF site is
represented on Fig. 4:
Fig. 4  Coherence of low frequency vibrations
In the upper part of the range (1 Hz < f < 50 Hz) the vibration is generated by the
circulation of vehicles or trains, operation of heavy machines, wind, rivers,… Vibration in the
range is approximately isotropic.  A typical power density spectra is shown on Fig. 5:
The design of mechanical components such as magnet supports has to be made such that
sharp resonances are avoided and the first Eigen frequency is pushed as high as possible.
2.3.2  Fluid induced vibrations
The cooling of the magnets, vacuum chamber and absorbers is a source of vibration in
the upper frequency range.  Interaction with the Eigen modes of the magnet supports has to be
avoided by pushing the frequency to high values, using short and flexible connections.
2.3.3  Ripple of power supplies
Ripple coming through the main magnets is limited by the usually strong inductance of
the magnets.  However noise may appear through RF cavities, and interaction may occur if the
noise (harmonic of 50 Hz or of the power supply switching frequency) interacts with the
betatron frequency.  Though this has been observed, it is a negligible effect in normal
conditions.
Fig. 5  Power spectral density measured at the ESRF
3. REMEDIES
3.1 Girder design
The design of girders may be optimised to minimise the vibrations, as already
mentioned, but also to reduce the effect of thermal drifts:  as shown in Table 1, the
amplification factor for quadrupole displacements depends strongly on the correlation
between the magnet displacements.  Uncorrelated displacements give the worse factor, while
coupled motion of opposite quadrupoles (foc. + defoc.) will partially compensate.  It is then
better to find the best couplings between the magnet families (obviously doublets or triplets
on the same girder).
Table 1
Closed orbit amplification factors
H V
Uncorrelated motion 69 37
Girder motion 30 14
 (Values computed for the ESRF lattice when applying random
motion to individual quadrupoles or to each end of 2.5m girders.)
3.2 Machine realignment
Machine realignment is performed to compensate for the ground settlement.  Though the
effects of ground settlement are small, this may be necessary for mechanical reasons.
3.3 Orbit correction
3.3.1  Steerer resolution
As long as orbit corrections are continuously performed, the steerer currents will change
and the effect of the resolution of the steerer power supplies will spoil the stability.  Assuming
a large number of randomly distributed steerers, the centre-of-mass emittance due to the
resolution errors, at any point along the machine, is:
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where:
— •x’rms is the angular kick corresponding to the rms steerer resolution error,
— ]  is the average ^  value at the location of steerers,
— n is the number of steerers being changed.
The emittance growth is computed (“slow motion” case) as:








3.3.2  Local correction
The orbit stability when using local correction is limited by the stability of the two
sensors defining the local position.  The centre-of-mass emittance can be computed easily in
the middle of the two monitors.  x1, x2 are the readings on the monitors, •x is the error on the
monitor position.  The distance between the monitors is 2l.  If we assume a perfect local
correction following exactly the centre of the BPMs, the beam position in the middle of the
sensors is:
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This centre-of-mass emittance has to be transported to the reference point (source point
in the middle of the Insertion Device straight section) and combined with the electron beam
emittance at that point.  Two different possibilities are studied: e-BPMs and X-BPMs:
e-BPM:  These monitors may be located on each side of the observation point, but their





The middle of the two BPMs is exactly the point where we want to evaluate the stability.  The
best matching is reached when the BPMs are at a distance equal to the g  value.  In the general
case (no matching), we will take an upper limit of the emittance growth by using the matched












This is a pessimistic assumption, and depending on the focusing at the observation point, the
emittance growth may never reach that value.  However the emittance growth for the “slow
motion” convention is:
l r s t u u v 2 t x
2 w x
position limitation
l x y z { { | 2 z x
2l }~ x
angle limitation
This shows immediately the limitations of the “local correction” option.  The degradation due
to the wrong matching is shown for example on Fig. 6 (phase spaces in µm and µrad).  The
centre-of-mass emittance, in solid line, has to be maximised to match the electron beam




























 V low beta: 64%
Fig. 6  Local correction matching








In this case the distance between the sensors can be more favourable, but when transporting
the emittance backwards to the source point, the matching may be worse.  The centre-of-mass















































In spite of the better lever arm, the results may be worse than for e-BPMs, because of
the worse emittance matching.  It is in particular extremely bad in low beta sections, where a
position error due to a X-BPM error can be extremely large compared to the very small beam
size at that point.  This is demonstrated on





























 V low beta: 199%
Fig. 7  Local correction matching
3.3.3  Global correction
The stability when using only global orbit correction is limited by the steerer resolution
and the average stability of all BPMs.  The sensitivity to the sensor motions depends on the
correction method.  The best flexibility is obtained with the SVD correction algorithm where
one can tune the number of Eigen correction vectors between 0 and the total number of
available steerers.  A large number gives better correction possibilities but also a larger
sensitivity to sensor position fluctuations.  The best compromise depends of course on the
amplitude of the distortions one has to correct.
This sensitivity to sensor errors can be studied by simulation.  A machine with a realistic
set of random errors and random sensor displacements is corrected with n, number of Eigen
vectors, varying from 0 to the maximum number.  All special conditions like sensor
attachments to magnets, rigid girder motion… may be taken into account.  For each
correction, the emittance growth is averaged over similar points of the lattice.  Average values
for the high-   straight section are plotted on Fig. 8.  For small n, the stability  rapidly
improves with increasing n, since the first vectors are the most efficient.  For large n,
additional vectors only allow the orbit to follow more accurately the mispositioned monitors,
and the emittance growth increases.  Repeating this on a few error sets gives a good indication
of the best compromise, as shown on Fig. 8.
Fig. 8  Optimisation of a global correction
3.4 Vibration dampers
Vibration dampers using sandwich structure with visco-elastic material proved very
efficient to reduce the vibration of magnets (APS example):  the vibration amplitude may be
reduced by a factor 5 in wide band (4 to 50 Hz) or even 10 on the first Eigen mode.  However,
— The damping solution is very specific to each structure.
— It has to be located in a region with large shear strain.
3.5 Fast feedback
The same arguments concerning local and global correction apply for a fast feedback.
However the question of the sensor drift can be avoided to a certain extent by limiting the
bandwidth of the system: as sensor drifts due to saturation, thermal effects,… are slow, the
feedback system must reject the low frequencies (T < a few minutes).
3.5.1  Local feedback
— is technically easier,
— must reject the low frequencies,
— the matching of the beam motion with the correction error ellipse must be good.
3.5.2  Global feedback
— may be more difficult, depending on the upper frequency limit,
— Same advantages as the global orbit correction.
4. EXAMPLES
Experimental values for some of these effects are given, in the case of the ESRF Storage





Number of BPMs 224
Number of quadrupoles 320
Number of steerers 96
Emittances 4 10-9 m 4 10-11 m
Tunes 36.44 11.39
4.1 Long term (4 weeks)
The main contributions are summarised as follows:
Table 3
Contributions to long-term motion
Effect Conditions Horizontal
    (  m)
Vertical
  (  m)
Ground settlement • 0 • 0
Girder motion
(•x adjacent girders)
peak/4 weeks 15 20 µm
15 µrad
Quadrupole/girder peak/4 weeks 2 1
BPM/quadrupole peak/4 weeks 1–10 1–10
BPM replacement 2*rms 20 20
In the long term the dominant effect is the slow motion of girders.  An example of the
differential motion between two adjacent girders versus time is shown on Fig. 9:
Fig. 9  Differential motion between two girders
Errors plus global or local corrections may be simulated, which gives the following
estimations:
Table 4
Simulation of long term emittance growth
Emittance growth Horizontal Vertical
No correction 520% 2800%
Local correction 75% 480%
40 vectors 25% 250%
A control can be performed on X-BPMs: with only one sensor, one cannot derive both
position and angle, but the ratio position/beam size gives an order of magnitude of half the
emittance growth.  The results measured on X-BPMs show:
— horizontally a peak value of 10% in size to be compared with 25% of emittance
growth
— vertically 150% in size to be compared with 250% in emittance
The orders of magnitude for the errors and corrections look consistent with the simulations.
4.2 Medium term (a day or one beam decay)
The main contributions are summarised in Table 5. In the medium term, the instability is
mainly generated by
— individual quadrupole displacements.
— girder motion linked with intensity.
Table 5







peak/1 day 1.5 1
Quadrupole/girder 2 1
BPM/quadrupole peak/1 day 1–10 1–10
BPM drift 2*rms 20 20
Crane peak/1 day 1.5
The correction is limited by the sensitivity of sensor to beam intensity (mechanically
and electrically).  In the medium term, simulations give:
Table 6
Simulation of medium term emittance growth
Emittance growth Horizontal Vertical




Best correction (high  ) 10% 40%
The control with X-BPM readings is given in Fig. 10 which shows the evolution of the
vertical position over 250 hours, with local correction (150 < t < 280) and with only global
SVD correction (280 < t).  With local correction, the drift with beam intensity is clearly
visible and the motion is compatible with the predicted value of 220%.  With only global
correction, the fluctuations look slightly smaller than the expected value of 20%.









Ground vibration noise 1 0.5




Absorber movement peak 35 10
Emittance growths measured on feedback electron BPMs give, using fast motion
quadratic combination:
Table 8
Simulation of short term emittance growth
Emittance growth Horizontal Vertical
No correction 5 10-4 1.2%
Local correction 7 10-5 0.4%
Even in the pessimistic case of the “slow motion” combination, the values would be
small:
Table 9
Simulation of short term emittance growth
Emittance growth Horizontal Vertical
No correction 4.6% 22%
Local correction 1.7% 13%
5. CONCLUSIONS
— Vibrations should not introduce significant disturbances to the beam stability.  In
addition a correction is proven to be efficient.  A significant part of vibrations
comes from the facility itself, and the influence of the site is of secondary
importance.
— In the medium term, thermal or electronic effects linked with the beam intensity
are dominating.  They can be corrected to a satisfactory level by using a global
correction scheme filtering out most of the sensor drifts.  However the stability of
sensors is the limiting parameter.
— Slow motion due to girder displacements is by far the more difficult problem.  The
reference for measuring such a motion is even doubtful.
